[1] The impact of aerosols on regional air quality and climate necessitates improved understanding of their emission and microphysical properties. The size distributions of black carbon (BC) and light scattering particles (LSP) were measured with a single particle soot photometer on board the NASA DC-8 aircraft during the ARCTAS mission 2008. Air sampling was made in the air plumes of both urban and forest fire emissions over California during the CARB (California Air Resources Board) phase of the mission. A total of eleven plumes were identified using SO 2 and CH 3 CN tracers for fossil fuel (FF) combustion and biomass burning (BB), respectively. The enhancements of BC and LSP in BB plumes were significantly higher compared to those in FF plumes. The average mass concentration of BC in BB plumes was more than twice that in FF plumes. Except for the BC/CO ratio, distinct emission ratios of BC/CO 2 , BC/CH 3 CN, CH 3 CN/CO, and CO/CO 2 were observed in the plumes from the two sources. Similarly, the microphysical properties of BC and LSP also showed distinct behaviors. The BC count median diameter (CMD) of 115 AE 5 nm in FF plumes was smaller compared to 141 AE 9 nm in the BB plumes. BC aerosols were thickly coated in BB plumes, the average shell/core ratios were 1.47 and 1.24 in BB and FF plumes, respectively. In the total mass of submicron aerosols, organic aerosols constituted about 67% in the FF plumes and 84% in BB plumes. The contribution of sulfate was also significant in the FF plumes.
Introduction
[2] Aerosols play an important role in the earth's climate system due to both direct and indirect radiative effects [Intergovernmental Panel on Climate Change (IPCC), 2007] . The variability in the distributions of aerosols, their chemical speciation, and aerosol-cloud-radiation interactions constitute the largest source of uncertainty in climate models [IPCC, 2001; Conant et al., 2002] . Black carbon (BC) is one of the most important atmospheric aerosols and exerts a positive radiative forcing by absorbing solar radiation and a negative forcing by acting as cloud condensation nuclei (CCN) Nenes et al., 2002] . However, heating by BC aerosols can cause evaporation of cloud droplets semi-directly, and hence a reduction of the cloud albedo results in a warming of the surface [Hansen et al., 1997; Ackerman et al., 2000] . The contributions of BC aerosols to the radiative forcing on both regional and global scales are significant [IPCC, 2007; Ramanathan et al., 2007] . In the free troposphere, elevated layers of BC have large impacts on regional climate and the hydrological cycle through local heating [Ramanathan et al., 2001; Menon et al., 2002] . In polluted regions, high concentrations of BC can have adverse impacts on human health [Lighty et al., 2000; Nel, 2005] and atmospheric visibility [McMeeking et al., 2005] .
[3] Emissions from incomplete combustion of fossil fuels (FF) and biofuels and biomass burning (BB) are the major sources of BC in the atmosphere [Penner et al., 1993; Cooke and Wilson, 1996; Liousse et al., 1996; Chen et al., 2001] . The source sectors of BC include transportation, heating, power generation, industrial processes, biofuel combustion, and BB [e.g., Streets et al., 2003; Bond et al., 2004] . In the global inventory of BC, the emissions from FF, biofuel, and open BB contribute $38%, 20%, and 42%, respectively [Bond et al., 2004] . Although the contribution of BB is significant, emission estimates of BC are highly uncertain due to the variability in parameters such as the combustion factor, burned area, biomass material.
[4] Measurements of the mass concentration, size distribution, and microphysical properties of BC are still limited and pose challenges in models for the reliable estimation of radiative forcing [Penner et al., 1998; Lesins et al., 2002; Sandvik et al., 2007; Bauer et al., 2010] . In situ measurements of aerosol size distributions are particularly more limited than those of mass concentrations. The relationships between the concentrations of BC and other co-emitted species can be used to identify sources and also to estimate the budget of BC [Hansen et al., 1989] .
[5] In the atmosphere, about 90% of BC is found in the fine mode (PM 2.5 , particles up to 2.5 mm in aerodynamic diameter) [Sahu et al., 2011] . Typically, BC mass size distributions exhibit a predominant mode in the size range of 100-1000 nm [Berner et al., 1996; Shiraiwa et al., 2008; Kondo et al., 2011a Kondo et al., , 2011b . Freshly emitted BC particles are initially hydrophobic and externally mixed with nonrefractory species and gradually internally mix through condensation and coagulation in the atmosphere [Jacobson, 2010] . Eventually BC particles can become hydrophilic due to coating with a sufficient amount of secondary compounds (organic and inorganic) and act as CCN in the atmosphere. Internally mixed BC particles can be more hygroscopic and easily removed by wet scavenging compared to externally mixed BC [Zuberi et al., 2005; Petters et al., 2009] . Moteki and Kondo [2007] have studied the evolution of the BC mixing state in the laboratory using the single particle soot photometer (SP2) system. Field measurements of the mixing state of individual BC particles are still limited [e.g., Schwarz et al., 2008; Shiraiwa et al., 2008; Subramanian et al., 2010] . Akagi et al. [2012] have presented the rate of the transition between externally and internally mixed BC particles emitted by a chaparral fire in California. In urban polluted air, BC becomes internally mixed on a typical time scale of about 12 h due to coating with sulfate (SO 4 2À ) and organic aerosols (OA) Shiraiwa et al., 2008] . On the other hand, coatings develop more quickly in BB plumes than those in previous studies [e. g., Akagi et al., 2012, and references therein] . However, there is no general agreement on soot aging time scales. For example, Moffet and Prather [2009] have reported an aging timescale of 3 h in Mexico City using an aerosol time-of-flight mass spectrometer (ATOFMS). Aerosol-radiation interaction depends strongly on the mixing state of aerosols, but the micro-scale mixing of BC is too poorly parameterized in models to determine the climate effects of BC [Jacobson, 2000] . The absorption efficiency of BC could be enhanced by factors of 1.5-2.0 if BC is thickly coated with non-refractory compounds [Bond et al., 2006; Mikhailov et al., 2006] . BC aerosols in urban regions tend to be smaller in size and coated more thinly compared to those emitted from BB sources and therefore may have a longer residence time in the atmosphere [Akagi et al., 2012; Petters et al., 2009] .
[6] Several field studies have reported the size distributions of BC in both urban and rural regions of the United States (U.S.) [e.g., Wolff et al., 1982; McMurry and Zhang, 1989; Venkataraman and Friedlander, 1994; Berner et al., 1996; Schwarz et al., 2008] . It is important to note that the size of BC in these studies may refer to the size of internally mixed particles if measured by inertial separation and impaction techniques, whereas it refers to the cores of particles with the SP2 technique. California is a diverse state with many sources of air pollution. In the past two decades the population has increased by 33%, and the urban economy has grown rapidly [Cox et al., 2009] . The major emissions of aerosols and trace gases are due to the use of fossil fuels, especially around the urban areas of San Francisco (SF) and LA counties. Emissions from a number of other urban areas such as Fresno in the Central Valley (CV) region also make significant contributions to the inventories of many pollutants in California [De Young et al., 2005] . Among the several anthropogenic sources, emission from mobile sources is the single largest contributor of various greenhouse gases and aerosols in California. Based on the analysis of data from the Interagency Monitoring of Protected Visual Environments (IMPROVE) sites (both remote and urban) in California, Bahadur et al. [2011] have reported a decline in the annual average BC concentration from 0.46 mg m À3 in 1989 to 0.24 mg m À3 in 2008. The rate of decline in BC concentration agrees well with the decline in total FF-particle emissions. The spikes in the BC trend in IMPROVE data coincide with the wildfire season in California, and the rate of decline in BC was slowest compared to the other seasons. California has significant wildfire activity, generally starting in mid-May, peaking in August, and ending in October [Pfister et al., 2008] . Using spaceborne observations, the transport of smoke plumes from the west to the east coast of the U.S. has been tracked [Hoff et al., 2005] . In recent years, wildfires in the western U.S. have increased mainly due to severe droughts and abundant fuels [Westerling et al., 2006] .
[7] Field studies have shown that BC aerosols in FFdominated plumes were approximately 100% more efficient warming agents than BB-dominated plumes [Ramana et al., 2010, and references therein] . Reliable measurements of BC mass concentration (M BC ) are prerequisite to characterize the emission and microphysical properties of BC aerosols [e.g., Stier et al., 2006; Koch et al., 2009] . Thus far, most global measurements of BC have primarily been conducted using filter techniques such as aethalometers and particle soot absorption photometers (PSAP). These instruments do not provide information on microphysical properties and are subject to artifacts [Kondo et al., 2011a] . The artifacts in the filter-based measurements of M BC are mainly due to the interferences by co-emitted non-refractory aerosols [Reid et al., 2005; Kondo et al., 2009 Kondo et al., , 2011a . The reliable measurement of M BC using SP2 based on the laser-induced incandescence (LII) method has been reported during several recent studies [e.g., Kondo, 2007, 2008; Schwarz et al., 2006 Schwarz et al., , 2008 Kondo et al., 2011a] .
[8] We made measurements of BC and light-scattering particles (LSP) by SP2 on board the NASA DC-8 aircraft over the Arctic, Canada, and California during the Arctic Research of the Composition of the Troposphere from Aircraft and Satellite (ARCTAS) mission in the Spring (ARCTAS-A) and summer (ARCTAS-B) of 2008 [Jacob et al., 2010; Singh et al., 2010; Kondo et al., 2011b; Matsui et al., 2011] . The ARCTAS mission was part of the POLARCAT program during the 2007-2008 International Polar Year (http://www.polarcat.no). As a part of the ARCTAS mission, the California Air Resources Board (CARB) sponsored flights over California and the eastern North Pacific, known as ARCTAS-CARB, in June 2008. The primary objective of the ARCTAS-CARB campaign is to improve the emission inventories of various greenhouse gases, characterize the composition/chemistry of pollutants from shipping and natural sources, and study the impact of the long-range transport of pollutants [Jacob et al., 2010] .
[9] The major objective of this work is to characterize the emissions and microphysical properties of BC aerosols emitted from different sources in California. We have focused on the study of air plumes impacted by both FF and BB emissions. Detailed comparisons of aerosol mass concentration, size distribution, mixing state, and emission (or enhancement) ratio between FF and BB plumes are presented here.
Aircraft Observations and Data Analysis
2.1. Flight Tracks, Forest Fires, and Meteorology
[10] During the ARCTAS-CARB period the NASA DC-8 aircraft was based in Palmdale, California (34.58 N, 118 .1 W) between 17 June and 24 June 2008. The DC-8 performed four flights (a total of $33 flight hours) on 18 June (ARCTAS flight number, F#12), 20 June (F#13), 22 June (F#14), and 24 June (F#15). The SP2 system had some technical difficulties during the first CARB flight (F#12); therefore, the present study is based on the observations made during the remaining three flights (F#13-15). Figure 1 shows the flight tracks of the DC-8 during ARCTAS-CARB over California. The main objectives of flight F#13 were to study the emissions in urban and rural regions and also to characterize the east-west and north-south gradients of trace gases and aerosols over the CV region. During this flight, a large amount of time was spent sampling the planetary boundary layer (PBL). Flight F#14 was designed to study the coastal regions of California and the evolution of air masses over Long Beach harbor and San Francisco Bay (SFB). An offshore track, with rapid descent into the marine boundary layer (MBL), was planned to provide upwind boundary conditions for regional air quality models. The return leg of flight F#14 included a transect through the northern end of the CV and a low-level transect just off the coast targeting ship emissions. Along the northern coast several wild fire plumes were encountered and visibility was severely impaired. Flight F#15 was the fourth and last sortie of the CARB phase, planned to study the evolution of boundary layer processes and photochemistry over the South Coast Air Basin (SCAB). This flight was also designed to study the transport of pollution from the CV and Mexico. Overall, about 25% of ARCTAS-CARB data collected by the DC-8 was from within the Los Angeles Basin (LAB).
[11] The weather over California was hot and dry during summer 2008, dominated by high pressure centered over the Pacific. The wind flow remained light under cloud-free conditions. Northwesterly winds prevailed over the coastal and CV regions together with sea-land breezes. The predicted mixing layer height (PBLHT) over the ocean was less than 600 m, while over the land it reached up to 1500 m during the daytime [Huang et al., 2011] . Details of the meteorology and impact of large-scale circulation during the campaign period have been reported elsewhere [Fuelberg et al., 2010] .
[12] California experienced one of its largest episodes of wild fires, with over 1000 fires burning, in the month of June 2008 [Singh et al., 2010] . Most of the wildfires were located in the mountains of northern California. Emissions from crop residue burning in the CV region can also be significant source of pollutants. On June 21, particularly extensive wildfires were reported at several locations over both northern and southern California. During June 18-20, fires were detected along the California-Mexico border [Huang et al., 2011] . The fire count data (hot spots) detected by the Along Track Scanning Radiometer (ATSR), which represent the locations of major wild fires, are plotted in Figure 1 . The detection methodologies used for the ATSR hot spots have been described elsewhere [Buongiorno et al., 1997; Arino et al., 2001] .
Instrumentation
[13] The DC-8 aircraft was equipped with various instruments for the in situ measurement of trace gases and aerosols. Jacob et al. [2010] have reported the details of payloads and operational characteristics of these instruments. In addition to the SP2 data, we have used other data sets such as carbon monoxide (CO), carbon dioxide (CO 2 ), acetonitrile (CH 3 CN), methylene dichloride (CH 2 Cl 2 ), sulfur dioxide (SO 2 ), and submicron aerosol chemical compositions, etc., measured simultaneously onboard the DC-8. The measurement techniques, accuracies, and references for the data used in the present study are summarized in Table 1 .
[14] Measurements of the mass size distribution of BC were made using the SP2 system. The detection principle and schematic diagrams of the SP2 have been reported in several papers [Gao et al., 2007; Moteki and Kondo, 2007] . Air samples were irradiated with a laser beam at a wavelength of 1064 nm and thus BC particles were heated to incandescence. The peak intensity of the LII signal can be calibrated to obtain the BC mass in the laboratory. The BC particles in ambient air were extracted by removing volatile compounds using a heated inlet to calibrate the SP2 for BC mass. For details of the BC extraction method used in the SP2 system we refer the reader to our previous published works Kondo et al., 2011a] . Calibration of the SP2 was routinely performed at the aircraft base during the campaign. Since the detection of BC is based on incandescence, we do not expect any significant change in the calibration parameter depending on the type of plume sampled during the ARCTAS mission. Further details of the calibration method using a differential mobility analyzer (DMA; Model 3081, TSI, Inc. USA)-aerosol particle analyzer (APM; Model-302, KANOMAX, Inc., Japan) system have been given elsewhere Shiraiwa et al., 2008] . Detailed descriptions of the calibration of SP2 during ARCTAS period were reported in our recent publications [Kondo et al., 2011a [Kondo et al., , 2011b . The mass equivalent diameter of BC (D BC ) was calculated by assuming a density of 2.0 g cm À3 [Slowik et al., 2004] . The uncertainties due to the dependence of the LII intensity on particle microphysical properties were studied by Moteki and Kondo [2010] . The size range of D BC detected by SP2 was 80-860 nm during the campaign. The average fraction of undetected M BC (D BC < 80 nm) was estimated to be 4%. However, the single-mode lognormal fit function of the size distribution was integrated to obtain the total mass concentration of BC (M BC ). The overall accuracy in the determination of M BC was estimated to be $10%. The diameter of coated BC (shell diameter, D p ) was calculated using the scattering signals of the SP2. The scattering signal data of the SP2 were processed to determine the scattering cross section of LSP. Calibration of the LSP was done using polystyrene latex (PSL) with a refractive index of 1.59 + 0i based on a Mie theory algorithm [Bohren and Huffman, 1998 ]. During this study, LSP with diameters (D p ) in the range of 200-750 nm were detected by the SP2. The average fraction of the undetected volume concentration of LSP (V SC ) was estimated to be 18%. The total V SC of LSP was calculated by integrating the lognormal fit functions. We have not adjusted the number concentrations of BC and LSP outside the SP2 detection regions. The fractions of the undetected number concentrations of BC and LSP accounted for less than 15% and 25% of the integrated values, respectively. The uncertainty in deriving V SC was estimated to be $30%. In the present study, the values of M BC and V SC are reported in the units of ng m À3 and mm 3 cm À3 , respectively, at standard temperature and pressure (STP; 273.15 K and 1013.25 hPa) . The coating thickness of BC, defined as the shell/core ratio (D p /D BC ), has been used to discuss the internal mixing state of BC.
Variation of BC Concentration
[15] The time series variations of M BC along with the mixing ratios of SO 2 and CH 3 CN using 1-min merged data from three ARCTAS-CARB flights F#13-15 are shown in Figure 2 . The M BC varied in the range (5th-95th percentiles) of 7-427 ng m À3 , 12-377 ng m À3 and 12-725 ng m
À3
during flights F#13, F#14, and F#15, respectively. During flights F#13 and F#14, the enhancements in M BC were mostly associated with the increase in the levels of either SO 2 or CH 3 CN due to the observation of FF or BB plumes, respectively. Mixed plumes (FF + BB) marked by the simultaneous increase in the mixing ratios of both SO 2 and CH 3 CN were observed during much of flight F#15. The FF plumes were encountered mostly at lower altitudes close to the surface. On the other hand, the impact of BB plumes was observed at higher levels. On several occasions during flights F#13 and F#15, we did not see any significant Weinheimer et al. [1994] changes in M BC , although sharp peaks in SO 2 mixing ratio were noticeable. Based on all the flight data, the enhancements of M BC in BB plumes were significantly larger than those in FF plumes.
[16] Vertical profiles of N BC , M BC , N SC , and V SC and the shell/core ratio are shown in Figure 3 . The concentrations of both BC and LSP show large variations due to the observation of plumes originating from different sources and regions of California. Overall, the enhancements in the concentrations of BC and LSP were substantial, as their background concentrations were close to zero for both types of plumes. The aerosol loading was highest in the lower and middle troposphere (below 5 km altitudes), while very few particles were observed in the upper troposphere (5-10 km). The profiles of aerosols varied from flight to flight. The profiles of N BC and M BC exhibited enhanced values within two layers, at 0-1.5 km and 0-5 km, mainly due to the observation of FF and BB plumes, respectively. The vertical profiles of both BC and LSP varied from flight to flight. The concentration of BC aerosols was particularly enhanced during F#13, with a peak M BC of $1200 ng m À3 at $3.5 km during F#13. The concentrations of BC were relatively low and confined to the lower levels (0-1.5 km of altitudes) over the CV region during flight F#14. The loadings of both BC and LSP were highest and increased with altitude in the lower troposphere over the SCAB region during F#15. The features described for the vertical distributions of aerosols can be subjected to a sampling frequency that varies with altitude and from flight to flight. However, the point we are highlighting is that the impacts of FF and BB plumes were in the approximate ranges of 0-1.5 km and 0-5 km, respectively. Vertical profiles of the shell/core ratio did not show any clear trend and remained stable at $1.15 during F#13 and F#14. In contrast to the observations during F#13-14, the BC particles were more thickly coated, and the shell/core ratio increased with altitude in the lower troposphere during F#15. The average values of the shell/core ratios were 1.21, 1.19, and 1.44 during F#13, F#14, and F#15, respectively.
Results and Discussion

Classification and Characteristics of Plumes
[17] The mixing ratio of CH 3 CN has been widely used as a tracer to identify BB plumes [de Gouw et al., 2003; Li et al., 2000] . On the other hand, the mixing ratios of SO 2 and CH 2 Cl 2 have been useful for identifying the plumes predominantly influenced by FF combustion sources [Chen et al., 2001; Brock et al., 2011; Matsui et al., 2011] . Scatterplots of CH 3 CN-SO 2 and CH 3 CN-CH 2 Cl 2 are shown in Figure 4 . As expected, the data points in the scatterplots of both CH 3 CN-SO 2 and CH 3 CN-CH 2 Cl 2 populate two distinct groups, one with an elevated mixing ratio of CH 3 CN and the other with enhanced values of CH 2 Cl 2 and SO 2 due to the measurement of the plumes impacted by BB and FF emissions, respectively. The criteria used to select the plumes vary from study to study depending on the scientific objectives [Hornbrook et al., 2011; Kondo et al., 2011b; Brock et al., 2011] . We have used the following criteria to separate the data for the statistical analysis of the two types of plumes. The threshold for BB plumes was set as data with DCH 3 CN > 300 pptv, DCH 2 Cl 2 < 50 pptv, and DSO 2 < 1500 pptv. While for the FF plumes, the data points with DCH 3 CN < 250 pptv, DCH 2 Cl 2 > 50 pptv, and DSO 2 > 1500 pptv were used in the analysis. Moderate concentrations of both these markers were mainly due to the mixing of BB and FF plumes and were designated as mixed plumes (Mix). Moreover, only plumes in which the elevated levels of tracers lasted at least 10 min were considered in the present study. The average ground speeds of the DC-8 aircraft during the sampling of FF and BB plumes were 125 AE 10 m s À1 and 141 AE 15 m s À1 , corresponding to horizontal distances of 75 AE 6 km and 85 AE 9 km in 10 min, respectively. The tracer criteria have been chosen to minimize the impacts of the mixing of plumes emitted from different sources, as there was always evidence for some urban and agricultural influence in the plumes categorized as BB in California and vice versa [Yokelson et al., 2009; Hecobian et al., 2011] . Since the flight tracks were not designed to chase the evolution of individual plume soon after emission, the exact photochemical status of different plumes is not known.
[18] We have identified 11 major plumes (6 FF, 4 BB, and 1 Mix) over different regions of California during the ARCTAS-CARB period. Three out of four plumes, P1-FF, P2-FF, and P3-FF during F#13 were due to emissions from urban regions of Stockton, Sacramento, and Fresno, respectively, while one BB plume (P4-BB) was observed in the CV region. During F#14, we observed two FF plumes over Long Beach (P5-FF) and LA (P7-FF), with one BB plume (P6-BB) over northern California. During flight F#15, a mixed plume (P8-Mix) was encountered along the Mexico border, along with an urban plume (P9-FF) from Lancaster city and two BB plumes (P10-BB and P11-BB) over the northern part of the SCAB. The approximate locations of these plumes are also shown in Figure 1 . The altitude and the average concentrations of M BC , CO, and CH 3 CN observed in each of these 11 plumes are given in Table 2 . To quantify the emission (enhancement) ratio of aerosols and trace gases in different plumes we first determined their background concentrations. The background concentrations were estimated as the 5th percentiles of the values in every 10-K range of potential temperature (PT) and were interpolated linearly (see Figure 5 ). The background concentrations of most of the aerosols and short-lived trace gases were close to zero (or near the detection limit) during the campaign, except for CO (80 AE 10 ppbv) and CO 2 (387 AE 0.7 ppmv). The differences (D values) between the plume and background concentrations were used to calculate the emission ratios of aerosols and trace gases. Typically, the average values of the BC number concentration (N BC ), LSP number concentration (N SC ), M BC , CO, and the shell/core ratio in BB plumes were significantly higher than those in FF plumes. However, the comparison is subject to the amount of plume dilution (or aging) that had occurred in each plume. The FF plumes were mostly encountered near the surface (<1500 m of altitudes), while impacts of BB plumes were observed in the lower troposphere up to a height of $5000 m.
[19] We have used 1-min merged data to classify the plumes, but for the correlation studies we used 10-s data to get a sufficient dynamic range for the regression analysis. The classification of plume type remained unchanged if the aircraft passed through background air or entered into different plumes for only a brief amount of time. This was done because of the different sampling intervals and response times of the various instruments and also to avoid the complexity in plume identification. In this method of classification, it is possible that some data points may violate the criteria (thresholds) applied for plume selection. [20] In the combustion/burning of related sources, the emission factors of aerosols and trace gases depend on the fuel composition (material) and the physical and chemical processes during the emission process. As discussed by Akagi et al. [2011] , real fires do not usually have distinct phases but are represented by a changing mix of flaming and smoldering processes. The fraction of fuel carbon emitted as particles and trace gases is related to the modified combustion efficiency (MCE). MCE is a useful index of the relative amount of flaming and smoldering combustion that contributed to a smoke sample [Ward et al., 1992; Akagi et al., 2011] . MCE is a simplified form of combustion efficiency (CE). However, the estimate of CE requires the simultaneous measurement of CO 2 , incompletely oxidized compounds (CO and NMVOCs), reduced compounds such hydrocarbons (CH 4 and NMHCs), and particulate carbon (PC) [Ward et al., 1991] . The MCE is estimated as the ratio of the amount of carbon emitted as CO 2 to the amount of carbon in the form of CO and CO 2 [Delmas et al., 1995; Yokelson et al., 2008; Akagi et al., 2011] .
Estimate of Combustion Efficiency
[21] Normally, the difference between CE and MCE is considered to be less than a few percent [e.g., Guyon et al., 2005; Akagi et al., 2011] . In the present study, we have estimated the value of MCE for each plume (Table 2) . Average MCEs of 0.898 AE 0.02 and 0.995 AE 0.001 for the BB and FF plumes suggest the predominance of incomplete and efficient combustion, respectively. The distinct values of MCE for FF and BB plumes also confirm that the thresholds used to categorize both types of plumes have been chosen appropriately. The dependence of particle number concentration, mass emission factor, emission ratio, and size distribution on MCE for the forest fires in different ecosystems has been parameterized using both laboratory and field data [e.g., Janhäll et al., 2010; Akagi et al., 2011 Akagi et al., , 2012 . Kondo et al. [2011b] have discussed the dependence of the emission ratios of aerosols on MCE to improve the uncertainty in estimating aerosol emissions from BB sources over the Arctic and Canada. In these studies, the relationships between several aerosol parameters and MCE were investigated.
Emission Ratio
[22] Emissions data for aerosols and trace gases from different sources are required to assess their impacts on air quality and climate change. In the literature, information about emissions is presented in two basic forms, the emission ratio and emission factor [Akagi et al., 2011, and references therein] . The excess mixing ratio (EMR) of species X is denoted DX (X plume -X background ). The EMR is a highly variable parameter for reactive trace gases and aerosols and depends on post-emission processes. The normalized excess mixing ratio (NEMR = DX/DY, where Y is a non-reactive smoke tracer) can be measured at the source or for stable species that do not evolve due to photochemistry and mixing. We refer the readers to Akagi et al. [2011] for a detailed description of emission-related parameters. The atmospheric evolution of aerosols and trace gases is often characterized by their emission or enhancement ratios [Andreae and Merlet, 2001; Akagi et al., 2011] . The emission ratios of various aerosols and trace gases in BB plumes have been extensively studied for fires in the tropical forest ecosystems and savannas [Janhäll et al., 2010; Akagi et al., 2011] .
[23] Scatterplots between the enhancements of DCO 2 , DCO, DCH 3 CN, DM BC , and DV SC observed in major plumes during all flights are shown in Figure 6 . The emission ratios were derived from least square fits constrained to pass through the origin, as the background levels of aerosols and trace gases have already been subtracted. Kondo et al. [2011b] have used the averaging method to estimate the emissions during ARCTAS-A and ARCTAS-B. In the averaging method, the sum of the enhancement in each data point (DX i and DY i ) is used to compute the average emission ratio (ER avg = ∑ i DX i /∑ i DY i ). The estimates using these two methods agree well due to the strong correlations in different plumes. The agreement between both these methods was within 10%. The slopes of linear fits have been used to estimate the emission (enhancement) ratios in both BB and FF plumes. The estimated slopes of DCH 3 CN/D CO, DCO/DCO 2 , DV SC /DM BC , DM BC /DCO, DM BC /D CO 2 , and DM BC /DCH 3 CN and respective r 2 values in each plume are given in Table 3 . On the other hand, DV SC may be affected by photochemical aging; therefore the slope of DV SC /DM BC can be treated as more of an enhancement ratio than just the emission ratio. In the case of poor correlations (r 2 < 0.4), the least square fit parameters have not been determined due to large statistical errors.
[24] The atmospheric CO 2 and CO are co-emitted at specific ratios from combustion sources depending on the source and the combustion efficiency [Wang et al., 2010] .
Normally the values of DCO/DCO 2 are low and fairly stable in plumes impacted by anthropogenic emissions due to the efficient combustion of fossil fuels. On the other hand, the Figure 6 . Scatterplots between the enhancements of DCO 2 , DCO, DCH 3 CN, DM BC , and DV SC observed in the major plumes during the ARCTAS-CARB campaign. , estimated for smoldering and flaming fires, respectively, in the temperate/boreal ecosystems [Cofer et al., 1991] . The slope of DCO/DCO 2 (26.8 ppbv ppmv À1 ) in a mixed plume was between the values estimated for FF and BB plumes. In this study, the value of DCO/DCO 2 estimated in each plume has been used to calculate the MCE. As presented in Table 2 , the MCE values were estimated to be within the ranges of 0.869-0.915 and 0.994-0.997 in BB and FF plumes, respectively. As expected, the MCE value of the mixed plume was 0.974, and distinct from the ranges estimated for FF and BB plumes.
[25] BC and CO are the co-products of incomplete combustion, and their ratio can be used to estimate the BC emission budget with a prior knowledge of the CO inventory [Sahu et al., 2011] . To assess the impact of long-range transport in remote locations, the DM BC -DCO relations have also been used to estimate the transport efficiency [Sahu et al., 2009; Matsui et al., 2011] . The emission ratio DM BC /DCO varies greatly between sources [Miguel et al., 1998; Bond et al., 2004] [Spackman et al., 2008] . Consistent with the FF emission ratio over the SCAB region, the DM BC /DCO ratio was 2.9 AE 0.9 ng m À3 ppbv À1 over Mexico during the Megacity Impacts on Regional and Global Environment (MIRAGE) study, part of the larger Megacity Initiative: Local and Global Research Observations (MILAGRO) campaign, based on aircraft measurements [Crounse et al., 2009; Subramanian et al., 2010] . As presented in Table 4 , the average emission ratio of DM BC /DCO in BB plumes over California is significantly lower than the values for extra tropical fires [Andreae and Merlet, 2001; Akagi et al., 2011] . The ratio DM BC /DCO does not directly depend on the geographic location or observation site; however, it may vary due to several factors prevailing in the region of the observations. Baumgardner et al. [2002] have described how the DM BC /DCO ratio varies with the composition of fuel materials, the nature of combustion (e, g., MCE), the proximity of the observation site to the source, and the local meteorological conditions (e. g., clouds and precipitation).
[ . The slope of DM BC /DCO 2 in FF plumes over California is significantly lower than the values reported for urban emissions in East Asia (Table 4) . As reported in Akagi et al. [2012] , the DM BC /DCO 2 emission ratio of 7.83 Â 10 À4 mol mol À1 estimated downwind of chaparral fire in California was significantly higher compared to the average value of (2.72 AE 0.87) Â 10 À4 mol mol À1 from BB sources during ARCTAS-CARB.
[27] Emission ratios are highly dependent on the chemical composition of fuel materials. This is especially true for minor compounds; for example, the nitrogen (N Aerosol, Radiation, and Cloud Processes affecting Arctic Climate (ARCPAC) campaign, the emission ratios of DCH 3 CN/DCO from forest fires and agricultural burning were 2.1 AE 0.8 pptv ppbv À1 and 3.1 AE 1 pptv ppbv À1 , respectively [Warneke et al., 2009] . Hornbrook, et al. [2011] have reported mean observed DCH 3 CN/DCO ratios of 1.4 AE 0.4 pptv ppbv À1 , 1.4 AE 0.7 pptv ppbv À1 , and 1.7 AE 0.4 pptv ppbv À1 for Asian, Californian and Canadian BB fires, respectively, using Trace Organic Gas Analyzer (TOGA) data of CH 3 CN during the ARCTAS mission. The TOGA analyzer uses fast online gas chromatography coupled with mass spectrometry (GS-MS), analyzing a 40-s integrated sample once every two minutes. The slight differences in DCH 3 CN/DCO ratios measured using TOGA and PTR-MS could be due to different sampling and detection methods. [Hornbrook et al., 2011, and references therein] .
[28] The relatively stable DCH 3 CN/DCO ratios estimated in the emissions from different BB sources during the three different phases of the ARCTAS mission is consistent with the ranges of emission factors reported in the literature. The emission factors of CH 3 CN from tropical forest, extra-tropical forest and agricultural waste fires vary within a narrow range of 0.18-0.19 g kg À1 [Andreae and Merlet, 2001] . Although the slopes of DCH 3 CN/DCO remained fairly stable during ARCTAS, globally DCH 3 CN/DCO can have large variations; for example, the emission ratio of CH 3 CN emitted from cooking fires can be an order of magnitude higher than those emitted from peat fires [Akagi et al., 2011] .
[29] The enhancements in DV SC and DM BC show tight correlations (with an average r 2 of 0.91) in BB plumes and moderate correlations (average r 2 of 0.42) in FF plumes. The DV SC /DM BC slope of 23 AE 6 cm 3 m À3 /g m À3 in BB plumes was $4 times higher compared to those in FF plumes (Table 3 ). The average values of V SC were 1.8 cm 3 m À3 and 12.3 cm 3 m À3 in the FF and BB plumes, respectively. In other words, BC particles in BB plumes were associated with a much larger volume of LSP compared to those in FF plumes. Relatively higher volume fractions of LSP in BB plumes could result from thicker coating of BC particles compared to FF plumes. The chemical characteristics of LSP using AMS data are presented in section 5. In agreement with the present estimate for BB plumes, the average DV SC / DM BC was 24 AE 6 cm 3 m À3 /g m À3 during the ARCTAS-B campaign. LSP was higher in BB plumes because of the predominance of smoldering combustion. Typically, smoldering combustion produces white smoke and flaming combustion produces black smoke [e.g., Yokelson et al., 1997] .
[30] The relationship between the emission ratio and MCE can helpful to investigate the dependence on the stage of fire in BB plumes [Janhäll et al., 2010; Sinha et al., 2003] Figure 7 . For this analysis, we have used all BB plume data, and slopes were estimated for different bins of MCE data. The emission ratios of DM BC /DCO and DCH 3 CN/DCO increased with the increase in MCE, while the emission ratios of DM BC /DCO 2 and DV SC /DM BC tended to decrease with the increase in MCE. During the ARCTAS-B period, the larger variability in the emission ratios were attributed to the sampling of BB plumes with a large range (0.6-0.99) of MCE. Similar to this study, the slopes of DM BC /DCO and DV SC /DCO increased with the increase in MCE, while DM BC /DCO 2 and DV SC /DM BC decreased with the increase in MCE. As described by Sinha et al. [2003] , for many species the emission factors show negative correlation with MCE, indicating their preferential release during smoldering combustion. For some species emission factors are weakly correlated with MCE and do not strongly depend on the combustion process.
Microphysical Properties
Size Distributions of BC
[31] The average number and mass size distributions of BC observed in both FF and BB plumes are shown in Figures 8a and 8b . The size distribution presented in this section is for uncoated BC particles; however, the BC particles in ambient air are always coated. The count median diameter (CMD) and geometric standard deviation (s gc ) were derived from a mono-modal lognormal distribution fit. The CMD and s gc calculated for each plume are presented in Table 5 . In the FF type of plumes, the size distributions were very stable, with an average CMD of 115 AE 5 nm and s gc of 1.36. Similarly, the distributions were also unvarying, with a CMD of 141 AE 9 nm and s gc of 1.33 in BB plumes. The mass median diameter (MMD) and geometric standard deviation (s gm ) were 175 AE 10 nm and 1.57 for FF plumes, while in the BB plumes they were 193 AE 16 nm and 1.46, respectively. Clearly, BC particles emitted from BB sources were populated in a large but narrower size range compared to FF plumes. In the BB plumes, the CMD and MMD of BC tended to decrease with increasing MCE. It is interesting to note that the size distribution parameters of BC in the mixed plume seem to represent the combined features of FF and BB distributions. The CMD = 129 (with s gc = 1.43) and MMD = 239 nm (s gm = 1.76) of BC in the mixed plume seem to characterize the convolution of size distributions of FF and BB plumes. In support to this statement, both s gc and s gm in mixed plume are larger compared to those estimated in both FF and BB plumes.
[32] The size distributions of BC in the BB plumes over California show good agreement with the mean CMD (136 AE 6 nm) and MMD (187 AE 10) nm observed in Canadian fire plumes during ARCTAS-B. Kondo et al. [2011b] have discussed the relationships of CMD and s gc with MCE in BB plumes. The observed anti-correlation between CMD and s gc of BC has been attributed to coagulation [Kajino and Kondo, 2011] .
[33] Agreeing with the BC size distributions observed during the ARCTAS-B and ARCTAS-CARB phases, the MMDs were 170 nm and 210 nm in urban and BB plumes, respectively, during the TexAQS campaign . The measurements of BC in urban plumes in Tokyo show a smaller MMD of 146 AE 12 nm, with a mean s gm of 1.82 AE 0.14 [Kondo et al., 2011a] . In a slightly aged urban plume at the suburban site of Kisai in Tokyo, the MMD of BC were measured to be between 145 nm and 150 nm [Shiraiwa et al., 2007] . Measurements of BC using an SP2 over western and northern Europe were made during the European integrated Project on Aerosol Cloud Climate and Air Quality Interactions -Long Range Experiment (EUCAARI-LONGREX), also referred as the LONGREX campaign [McMeeking et al., 2010] . During this study, the BC particles measured in the fresh urban plumes showed lognormal distribution with a larger average MMD of 173 nm.
Size Distributions of LSP
[34] The average number and volume size distributions of LSP observed in both FF and BB plumes are shown in Figures 8c and 8d . The size distribution presented in this section is for LSP particles that do not contain a BC core. The size distributions of LSP were also well represented by a mono-modal lognormal function. The statistics of the number size distributions of LSP (CMD and s gc ) for each plume are listed in Table 5 . The average values of CMD were 206 AE 10 nm and 233 AE 19 nm in FF and BB plumes, respectively. The volume size distributions of LSP exhibited two distinct modes corresponding to FF and BB plumes. The averages of the volume median diameter (VMD) of LSP were 220 AE 35 nm and 290 AE 40 nm in FF and BB plumes, Figure 7 . Scatterplots of DM BC /DCO, DM BC /DCO 2 , DV SC /DM BC , DM BC /DCH 3 CN, and DCH 3 CN/D CO ratios versus MCE using BB plume data. Linear regression fits are also shown.
respectively. The geometric standard deviations (s gv ) of the associated volume distribution were 1.66 and 1.41 in FF and BB plumes, respectively. In good agreement with the BB plumes of the present study, the CMD and VMD of LSP were estimated to be 224 AE 14 nm and 294 AE 42 nm, respectively, during ARCTAS-B. On the other hand, the larger CMD and VMD of 238 AE 11 nm and 306 AE 40 nm observed in the outflow from a Siberian fire during ARCTAS-A were attributed to the effects of both coagulation and condensation during transport. Measurements made at a remote island (Fukue, Japan) suggest a significantly larger MMD of 350-500 nm in different plumes in East Asian outflow [Shiraiwa et al., 2008] . An understanding of the size distributions of aerosols requires detailed information of fuel type, fire intensity, combustion efficiency, and chemical composition. However, based on several field studies, the VMD of LSP emitted from forest fires show tight correlation with the emission factors of particles and unsaturated hydrocarbons [Reid and Hobbs, 1998 ]. The SP2 measurements do not provide the chemical signatures, so we have used AMS data for the chemical characterization of aerosols in FF and BB plumes. The sum of mass concentrations of non-refractory aerosols measured by AMS was tightly correlated with V SC, with r 2 = 0.81 during the ARCTAS-CARB campaign. The tight correlations between submicron dry particle volume determined by SP2 and speciated mass by AMS in both BB and FF plumes were also observed during the ARCPAC campaign [Brock et al., 2011] . Therefore, we have used the AMS data to get information about different coating materials on BC cores in both FF and BB plumes.
Mixing State of BC Aerosol
[35] The mixing state of BC can be presented as shell/core diameter ratio (D P /D BC ). In the present study, we have derived the shell/core ratio of BC for D BC > 200 nm. We have studied the histograms of median shell/core ratios of BC in both FF and BB plumes using 10-s merged data. Apart from a few outliers, the D P /D BC in the FF and BB plumes varied within the ranges of 1.0-1.4 and 1.2-1.8, respectively. Overall, BC particles in the BB plume were thickly coated, with an average shell/core ratio of 1.47 compared to 1.24 in the FF plumes. By assuming spherical particle shapes, the volume fractions of coated BC particles (D P 3 /D BC 3 ) were about 0.52 and 0.31 in FF and BB plumes, respectively. In other words, the mixing states of BC from the two source types in California differed significantly. Similarly, the distinct mixing states of BC in urban and BB plumes were also observed over Houston and Dallas during the TexAQS campaign . The average shell/core ratio of 1.48 estimated for Canadian forest fire plumes during ARCTAS-B shows excellent agreement with the present study. As discussed in section 5, the observed high shell/core ratio in BB compared to FF plumes is expected due to higher co-emissions of OA particles in BB plumes that will coagulate with the BC particles.
[36] The relationships of the mixing states of BC to the bulk and microphysical properties of aerosols have been demonstrated in previous studies [e.g., McMeeking et al., 2011, and references therein] . We have investigated the relationships of the shell/core ratio with DV SC /DM BC and VMD of LSP. In the FF plumes, the shell/core ratio does not show a clear dependence on DV SC /DM BC or VMD but increases with the increase in both V SC /DM BC and VMD in the BB plumes. These relationships clearly demonstrate that the internal mixing states of BC particles depend on the emission ratio and size distributions of LSP. A simple model to assess the effect of coagulation between LSP and BC on the evolution of the BC mixing state has been discussed and applied to BB data measured during ARCTAS-B measurements [Kajino and Kondo, 2011; Kondo et al., 2011b] . The reason we do not see such relationships in FF plumes could be due to the relatively lesser co-emissions of precursors of the coating materials. In moderately aged FF plumes, Subramanian et al. [2010] have reported a rather slower rate of BC coating over Mexico City. On the other hand, observations in East Asian outflow have shown that the coating thickness of BC-particles increased with time in sufficiently aged FF plumes [Shiraiwa et al., 2008] .
[37] Several studies have considered only condensation to explain the evolution of the mixing state of BC in FF plumes Shiraiwa et al., 2008] . In the BB plumes, the relationships of the shell/core ratio with DV SC /D M BC and VMD of LSP support the suggestion that coagulation of LSP with BC can effectively increase the coating thickness [Kondo et al., 2011b] . The dependence of the shell/core ratio on MCE and photochemical age has been discussed for BB plumes [Kondo et al., 2011b] . The BC particles in BB plumes are rapidly coated due to enhanced co-emissions of coating materials [Akagi et al., 2012] . In Canadian fire plumes, the volume of coating materials increased by $40% within 12-24 h after emissions. [DeCarlo et al., 2006; Dunlea et al., 2009] for different plumes are presented in Table 6 . The mass fractions of refractory and BC aerosols in each plume are presented in Table 7 . The mass loading of measured submicron aerosols (sum of mass concentrations of OA, BC, ammonium (NH 4 + ), nitrate (NO 3 À ), SO 4
Chemical Characteristics of Aerosols
2À
, and chloride (Cl -)) of 31 mg m À3 in the BB plumes is significantly higher compared to 8.96 mg m À3 measured in the FF plumes. In both categories of sources, OA is the largest contributor, with averages of 6.14 AE 2.8 mg m À3 and 26.9 AE 19.9 mg m À3 in FF and BB plumes, respectively, followed by sulfate and nitrate aerosols. The average fractions of nonrefractory and BC aerosols observed in FF and BB plumes are shown in Figure 9 . The fractions of OA were 67.5% and 83.9% in FF and BB plumes, respectively. However, as expected, the SO 4 2À fraction of 18.44% in the FF plumes is large compared to 6.6% in the BB plumes. The sulfur (S) content in fossil fuels is higher compared to biomass vegetation [Andreae and Merlet, 2001; Akagi et al., 2011] . Therefore, rather low SO 4 2À but high OA fractions are expected in the BB plumes, whereas in FF plumes sulfate is expected to be elevated. BC constituted smaller fractions of 2.6% in FF and 2.0% in BB plumes.
[39] In good agreement with the chemical compositions of BB plumes over California, similar fractions of OA (83%) and SO 4 2À (3-8%) were observed in Canadian fire plumes during ARCTAS-B. In the Siberian fire plumes over Alaska, however, influenced by long-range transport, a lesser amount of OA (60%) and higher SO 4 2À (30%) were observed during the ARCTAS-A campaign [Kondo et al., 2011b] . Similar to the aerosol loading in FF plumes over California, total AMS concentrations of 10-15 mg m À3 were observed in urban plumes of London and northern England [McMeeking et al., 2011] . However, the chemical compositions differed significantly, as the fractions of OA, (SO 4 2À + NH 4 + ), and NO 3 À , were about 20%, 40%, and 40%, respectively, in the European FF plumes.
[40] To investigate the contribution to the coating on BC, the ratios of mass concentrations of non-refractory materials to BC can be applied by assuming that the coating composition matches the bulk aerosol composition [Shiraiwa et al., 2008, and reference therein] . The relative amount of nonrefractory materials with respect to BC has also been used to determine the net radiative forcing [Ramana et al., 2010] [Ramana et al., 2010] . In the FF plumes, the average ratio of total non-refractory AMS to BC mass of 36 mg mg À1 is significantly lower compared to 62 mg mg À1 in the BB plumes.
[41] The ratio of NOx (=NO + NO 2 ) to total reactive nitrogen (NOy) has been used as an indicator of photochemical aging of air masses assuming NOy is emitted in the form of NOx [Nunnermacker et al., 1998; Kondo et al., 2008] . The NOx/NOy ratio decreases with increasing age of the air plume. We have examined the evolution of nonrefractory aerosols by studying their dependencies on NOx/ NOy. Figure 10 shows the BC-normalized mass concentrations of non-refractory aerosols and shell/core ratio as a function of NOx/NOy ratio in both FF and BB plumes. For most of the samples, the ratio of NOx/NOy in FF plumes was higher compared to those in BB plumes. This indicates that the FF plumes were systematically younger compared to the BB plumes. The mass ratios of non-refractory/BC tend to increase with the photochemical age, suggesting significant formation of secondary species in both types of plumes. However, the OA data are very scattered for the BB plumes, which is typical of the widely varying emission ratios of OA in BB plumes due to variations in fuel and combustion conditions [e.g., Cubison et al., 2011] and it is not possible to estimate whether net SOA formation occurred in these particular plumes. Among the non-refractory species measured using AMS, the formation NO 3 À appears faster in the BB plumes compared to FF plumes. On the other hand, formation of SO 4 2À and NH 4 + was faster in FF plumes compared to that in FF plumes. The increase in Cl À with NOx/ NOy implies the formation of secondary chloride, likely NH 4 Cl, in the BB plumes. The higher NH4 + /BC ratio in the FF plumes indicates that these plumes were mixed with cattle-related sources from the CV. Akagi et al. [2012] have presented the evolution of non-refractory aerosols and trace gases emitted by a chaparral fire in California. The ratio of non-refractory/BC estimated after zero and 4.5 h since their emission have been used for comparison (see Table 8 ). The plume-averaged non-refractory/BC ratios estimated in this study are significantly higher compared to those measured in chaparral fire. The higher ratios of non-refractory/BC aerosols during ARCTAS-CARB could be due to the sampling of considerably aged air and smoldering phase products. Relatively higher ratios of SO 4 2À and Cl -in BB plumes suggest the dominance of agricultural waste (crop residue) burning in the CV region [Christian et al., 2010 , and references therein].
Summary
[42] Airborne measurements of aerosols and trace gases were made over California during the NASA ARCTAS-CARB campaign, June [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 2008 . BC and LSP aerosols were measured by the SP2 technique on board the DC-8 aircraft. Emissions from the use of fossil fuels were the main source of aerosols and trace gases, while extensive forest fires were also reported over different parts of California during the campaign period. The major plumes originating from both anthropogenic (FF) and biomass burning (BB) sources were identified using CH 3 CN and SO 2 (CH 2 Cl 2 ) tracers, respectively. We have extracted the data to study the properties of BC and LSP in FF and BB plumes separately. In this paper, we have characterized the emission and microphysical properties of aerosols in the major plumes observed over different regions of California.
[43] The concentrations of both BC and LSP aerosols show large variations in both FF and BB plumes over California. In the BB plumes, the enhancements in the concentrations of aerosols and trace gases were significantly higher compared to those observed in the FF plumes. For example, the average mass concentrations of BC (M BC ) in FF and BB plumes were 243 ng m À3 and 513 ng m À3 , respectively. Overall, the aerosol loading was highest in the lower and middle troposphere, with very few particles observed in the upper troposphere. FF plumes were encountered mostly in the boundary layer, while the impacts of BB plumes were also observed in the middle troposphere.
[44] We have estimated the emission ratios of DCH 3 CN/ DCO, DCO/DCO 2 , DV SC /DM BC , DM BC /DCO, DM BC /D CO 2 , and DM BC /DCH 3 CN. Except for the DM BC /DCO ratio, distinct emission ratios of BC and LSP were observed in FF and BB plumes. The slope of DV SC /DM BC is likely to be age dependent and may not represent the true emission ratio. The estimated emission ratios of DM BC /DCO were 3.16 ng m À3 ppbv À1 and 3.28 ng m À3 ppbv À1 in FF and BB plumes, respectively. In contrast to the DM BC /DCO ratio, the emission ratios of DM BC /DCO 2 showed distinct values of 17.9 ng m À3 ppmv À1 in FF plumes and 271.5 ng m À3 ppmv À1 in BB plumes.
[45] Consistent with the classification of plumes, the average values of MCE were 0.898 and 0.995 for the BB and FF plumes, respectively. We have investigated the relationships between the emission ratio and MCE in the BB plumes. The emission ratios of DM BC /DCO and DCH 3 CN/ DCO increased with the increase in MCE, while DM BC /D CO 2 and DV SC /DM BC tended to decrease with the increase in MCE. Overall, the emission ratios of BC in both plume types agreed reasonably well with previous values reported for North America. Most of the LSP did not contain BC, as the DV SC /DM BC ratio of 23 cm 3 m À3 /g m À3 was about 4 times higher compared to those estimated in the FF plumes.
[46] The size distributions of both BC and LSP were well represented by a single-mode lognormal function. The size distributions of the number and mass concentrations of BC aerosols showed smaller CMD and MMD compared to those in BB plumes. The average CMDs of BC size distributions were 115 AE 5 nm (with s gc = 1.36) in FF plumes and 141 AE 9 nm (with s gc = 1.33) in BB plumes. Similarly, the LSP size distributions parameters (CMD, VMD, s gc and s gv ) showed distinct values in the FF and BB plumes. The size distribution parameters of BC and LSP in the BB plumes showed very good agreement with those observed in the Canadian fire plumes during ARCTAS-B. The size distribution parameters of BC in the mixed plume seem to characterize the combined features of two distinct plumes, as s gc and s gm were larger compared to respective parameters in FF and BB plumes.
[47] The mixing state of BC was represented by the shell/ core diameter ratio (D P /D BC ). The BC particles in the BB plumes were thickly coated, as the mean D P /D BC of 1.47 was significantly larger compared to 1.24 in the FF plumes. The associated BC-core volume fractions of coated BC particles were estimated to be 0.52 and 0.31 in FF and BB plumes, respectively. In the BB plumes, the D P /D BC ratio increased with the increase in both the DV SC /DM BC emission ratio and VMD of LSP.
[48] In both categories of plumes, the mass concentration of OA was the largest contributor among other non-refractory aerosols. The mass fractions of OA were estimated to be about 67.5% and 84% in the FF and BB plumes, respectively. But the SO 4 2À aerosol mass fraction of 18.5% in FF plumes was higher compared to 6.6% observed in BB plumes. BC constituted smaller mass fractions of about 2.6% in the FF plumes and 2.0% in the BB plumes. In both FF and BB plumes, the ratios of non-refractory/BC aerosols increased with the decrease in NOx/NOy ratio due to photochemical aging. Overall, the ratios of non-refractory/BC aerosols in BB plumes during ARCTAS-CARB were significantly higher compared to a previous study reporting the evolution of aerosols in chaparral fire in California.
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